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Antarctic Timing of Surface
Water Changes off Chile and
Patagonian Ice Sheet Response
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Marine sediments from the Chilean continental margin are used to infer
millennial-scale changes in southeast Paciﬁc surface ocean water proper-
ties and Patagonian ice sheet extent since the last glacial period. Our data
show a clear “Antarctic” timing of sea surface temperature changes, which
appear systematically linked to meridional displacements in sea ice, west-
erly winds, and the circumpolar current system. Proxy data for ice sheet
changes show a similar pattern as oceanographic variations offshore, but
reveal a variable glacier-response time of up to 1000 years, which may
explain some of the current discrepancies among terrestrial records in
southern South America.
Resolving the origin and consequences of
the millennial-scale climate changes evi-
dent during the last glacial period, and
particularly during the last deglaciation, is
a cardinal challenge of current paleo-
climate research. A comprehensive under-
standing of such climate changes is in-
valuable for validating and improving
prognostic climate models. In the North
Atlantic region, large and abrupt temp-
erature changes are clearly documented at
intervals of 5 to 10 and 1 to 4.5
thousand years (named the Heinrich and
Dansgaard-Oeschger events, respectively).
The origins of these events are commonly
construed to be linked to reorganizations in
Atlantic thermohaline circulation (THC)
(1). More recently, abrupt millennial-scale
climatic oscillations have been recognized
in many places around the globe. Their
source is also postulated to be variations in
the North Atlantic ocean-climate system
propagating by means of global oceanic
and atmospheric feedbacks (2).
Recent modeling studies, however, indi-
cate that the tropics and the southern high
latitudes may also play an active role in
initiating rapid climate change (3, 4 ). For
example, it has been shown that rapid cli-
mate oscillations may originate from the
tropical Pacific, potentially involving a
long-term modulation of interannual-to-
decadal climate changes of the eastern trop-
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ical Pacific El Nin˜o–Southern Oscillation
(ENSO) (3). This tropical driver hypothesis
is strengthened by recent proxy evidence
from the tropical Pacific, suggesting sub-
stantial millennial variability that likely in-
volves long-term ENSO changes (5, 6 ). A
high–southern latitude control is indicated
by new modeling results (4, 7 ), which im-
ply that abrupt climate changes known
from the North Atlantic region during Ter-
mination 1 might well be triggered by grad-
ual changes in southern high latitudes.
Most studies of interhemispheric cli-
mate change focus on comparing Northern
Hemisphere records to Antarctic ice core
data, particularly from the Byrd ice core,
which has the most reliable age model (8).
These comparisons suggest asynchronic
changes between the Northern and South-
ern Hemisphere (8), consistent with the
“bipolar see-saw concept” of Southern
Hemisphere warming in response to re-
duced North Atlantic THC (9, 10). On the
other hand, terrestrial data from mid-
latitude South America are still discussed
controversially because they indicate both
interhemispheric synchrony (11–13) and
asynchrony (14 ). Even more puzzling are
new surface ocean proxy records from the
southwest Pacific implying that the cou-
pling of oceanographic changes in the mid-
southern latitudes and Antarctica might
have changed with time (15 ).
Here, we present new records of surface
ocean conditions in the southernmost
Peru-Chile Current and associated changes
in the extent of the Patagonian ice sheet
(PIS) in adjacent southern Chile based on
well-dated marine sediments recovered at
Ocean Drilling Program (ODP) Site 1233
from the southern Chilean continental
margin (16 ) (Fig. 1). Continental paleoen-
vironmental records show that this region
reacted very sensitively to rapid fluctua-
tions in climate (11–13, 17 ). However, so
far it has proven difficult to compare such
records unambiguously to those from the
Northern Hemisphere because of disconti-
nuities, inadequate temporal resolution, and
limitations in dating.
Sediments at Site 1233 are characterized
by lithologically homogeneous fine-
grained terrigenous material with minor
amounts of well-preserved biogenic com-
ponents suitable for paleoceanographic
studies (16 ). We focused on the time inter-
val from 8 to 50 thousand calendar years
before present (kyr B.P.), which is dated by
20 14C accelerator mass spectrometry
(AMS) dates and further paleomagnetic ev-
idence (18). Resulting sedimentation rates
are extraordinarily high (1 to 3 m/kyr) be-
cause of strong fluvial discharge in re-
sponse to heavy continental rainfall in
southern Chile (19) and the proximity to
the PIS, which advanced toward the Chil-
ean Lake District (directly onshore Site
1233; Fig. 1) during the last glacial period
(20) and provided terrigenous material by
means of glacial erosion.
Our primary proxy record is the alkenone-
based sea surface temperature (SST) recon-
struction at Site 1233 (18), indicating a
6°C SST change over Termination 1 and
millennial-scale variations on the order of
2° to 3°C during the glacial period
(Fig. 2D). During Termination 1, two major
Fig. 1. Map of southern to cen-
tral Chile and the adjacent
southeast Paciﬁc showing loca-
tion of ODP Site 1233 in relation
to oceanographic features [PCC,
Peru-Chile Current; CFW, Chil-
ean Fjord Water (30)], modern
mean annual SSTs (in degrees
Celsius), and the maximum ex-
tension of the PIS, adapted from
(20). LGM, last glacial maximum.
Fig. 2. Compilation of paleocli-
matic data sets from the Southern
Hemisphere mid-latitudes (24)
compared with Antarctic and
Greenland ice core records (8 to
50 kyr B.P.). (A) Diatom-based sea
ice reconstruction from South At-
lantic core TN 057-13 (27). (B)
Mg/Ca SST record from the South-
west Paciﬁc (15). (C) Oxygen iso-
tope record of Globigerina bul-
loides based on core RC11-83
from the South Atlantic, primarily
reﬂecting SST (25). (D) Alkenone
SST record from ODP Site 1233
(this study). (E) Oxygen isotope
(18O) record of the Byrd ice core,
Antarctica (8). (F) Oxygen isotope
record of the GISP2 ice core,
Greenland (31). Gray bars mark
age and approximate duration of
the Younger Dryas (YD) and Hein-
rich (H) events (based on GISP2
ages). VPDB, Vienna Peedee Be-
lemnite; VSMOW, Vienna stan-
dard mean ocean water.
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warming steps were recorded (3°C from
19.2 to 17.4 kyr B.P. and 2°C from 12.7
to 12.1 kyr B.P.), the last one of which falls
into the first half of the Younger Dryas
(Fig. 3B). This pattern is notably similar to
the deglacial warming record of the Byrd
ice core (8) (Fig. 3A). For the glacial
interval (20 to 50 kyr B.P.), a number of
millennial-scale SST fluctuations also ap-
pear to correlate to Antarctic temperature
changes (Fig. 2, D and E), suggesting a
direct link from SST changes in the south-
east Pacific to climate fluctuations in high
southern latitudes.
The large amplitude of SST variations
over Termination 1 as well as on millennial
time scales during the last glacial period
suggests substantial oceanographic chang-
es. The most plausible explanation is a
northward translation of the Antarctic Cir-
cumpolar Current (ACC) during cold peri-
ods enhancing the influence of subantarctic
water masses at Site 1233. Today, SST
gradients within the northernmost ACC are
very large (Fig. 1) and intimately linked to
the northern margin of the westerly wind
belt, making this region very sensitive to
latitudinal shifts of atmospheric and ocean-
ographic circulation, which results in the
large signal in our proxy data. The position
of the westerlies is controlled by the loca-
tion of the subpolar low-pressure belt and
the strength and position of the southeast
Pacific anticyclone (21), allowing the po-
tential for both high–(southern) latitude and
tropical Pacific forcing mechanisms. A
tropical forcing could involve a long-term
modulation of ENSO (3), which may have a
substantial influence on the position of the
westerlies through a modulation of the
strength of the southeast Pacific anticy-
clone. There is some evidence that ENSO
operated at least during the last 130 kyr
(22) and that millennial-scale oscillations
would likely reveal a “Greenland pattern”
of climate change (5, 6 ), which our data
cannot support. On the other hand, a new
SST record from the Sulu Sea does not
indicate substantial change of zonal SST
gradients in the tropical Pacific across the
Bølling-Allerød/Younger Dryas climate re-
versals, raising doubts about whether inter-
annual (ENSO) variability is a good analog
for longer term climate change (23).
Our data clearly suggest that millennial-
scale climate changes documented in Ant-
arctic ice cores extended into the Southern
Hemisphere mid-latitudes and affected
major oceanographic (i.e., the ACC) and
atmospheric (the Westerlies) circulation
patterns. Within the uncertainties of age
models (24 ), these changes appear quasi-
hemisphere–wide, as shown by a compari-
son to a Mg/Ca SST record from the South-
west Pacific (15) (Fig. 2B) and a planktic
foraminifera oxygen isotope record from
the South Atlantic (25 ) (Fig. 2C). Although
the sense and timing of our temperature
changes are generally consistent with the
bipolar see-saw mechanism (8–10) [i.e.,
cold North Atlantic temperatures during
Heinrich events parallel increasing SST in
the Southern Hemisphere mid-latitudes
(Fig. 2)], model simulations of THC
changes do not show a substantial response
in the southeast Pacific (26). Thus, it is
equally plausible that the quasi-Southern
Hemisphere–wide millennial-scale pattern
emerging in Pacific and Atlantic records is
of Southern Hemisphere origin. Recent
modeling studies suggest that comparative-
ly slow climate changes around Antarctica
might trigger abrupt events in the North
Atlantic realm, most likely involving
changes in sea ice extent and salinities in
the Southern Ocean (4, 7). Diatom-based
sea ice reconstructions from the Atlantic
sector of the Southern Ocean (Fig. 2A) (27)
do indeed parallel the SST changes in the
Pacific and show reduced sea ice extent
during periods of warmer Southern Hemi-
sphere mid-latitude SSTs.
The Antarctic timing apparent in our
SST record is distinct from that observed in
terrestrial glaciological and palynological
data from the Chilean Lake District directly
onshore Site 1233, which more closely fol-
low the Northern Hemisphere pacing and
have been used to argue for interhemispher-
ic synchrony during both the glacial period
(12) and deglaciation (11, 13). Site 1233
offers the exceptional opportunity to com-
pare continental and marine paleoenviron-
mental changes within the same well-dated
archive. The site is located in an ideal
position to monitor PIS extent variations by
recording compositional changes in the re-
gional terrigenous sediment input to the
continental margin. For this purpose, we
use the Fe content of the bulk sediment
measured at subdecadal resolution (18). For
the Holocene record of core GeoB 3313-1
from the same location, changing Fe con-
tents have been related to a varying contri-
bution of Andean (Fe-rich) versus Coastal
Range (Fe-poor) source rocks ultimately
controlled by continental rainfall changes
(19). Glacial erosion processes strongly en-
hanced the glaciofluvial sediment flux from
Fe-rich basaltic volcanics in the Andes dur-
ing the last glacial period, and ice sheet
advances provided more Fe-rich material,
which was subsequently transported to the
continental margin by rivers. This scenario
is supported by extensive geomorphologi-
cal mapping and dating of moraines that
documented pronounced PIS variability
during the late glacial period (20). Three of
four major ice maxima correlate, within the
limitations of dating (24), to maxima in our
Fe record (Fig. 4). Thus, our proxy of
glaciofluvial sediment input provides a
continuous record of PIS variability for a
major part of the last glacial period.
A modeling study of PIS changes during
the late glacial period points to a close
dependence of ice extent on offshore SSTs
Fig. 3. Deglacial paleoceanographic
records from Site 1233. (A) Oxygen iso-
tope record of the Byrd ice core, Antarc-
tica (8). (B) Alkenone SST record. (C)
Oxygen isotope record of the planktic for-
aminifera Globigerina bulloides (ﬁve-point
moving average). (D) Salinity reconstruc-
tion (three-point moving average). 18Ow,
oxygen isotope composition of seawater;
VSMOW, Vienna standard mean ocean
water; psu, practical salinity unit. Age con-
trol points are shown below. Gray bar
marks the Younger Dryas (YD) event and
hatched bar marks the ﬁnal PIS maxima
before rapid deglaciation [after (20, 24)].
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and suggests a 6°C SST lowering in the
southeast Pacific off southern Chile during
the regional ice maximum (28), exactly
matching our alkenone SST reconstructions
at Site 1233. In addition, SST fluctuations
of 2° to 3°C during the glacial period
follow a pattern notably similar to the vari-
ations in Fe (Fig. 4). This comparison dem-
onstrates that the repeated perturbations in
offshore SST between 20 and 50 kyr B.P.
are regularly accompanied by substantial
changes in onshore ice extent—seemingly
confirming the sensitivity of the northern
PIS limb to oceanographic variations off-
shore observed in models (28).
Though the patterns of the Fe and paleo-
SST records are very similar, SST changes
lead the Fe variations by up to 700 years
(Fig. 4 and figs. S2 and S3). The offset is
largest between 20 and 40 kyr B.P. and
disappears in the earliest part of our record.
On one hand, this offset may indicate that
the relation of Fe changes to glacial dynam-
ics is not as straightforward as we assume.
For example, it is conceivable that a glacier
retreat in response to rising SSTs would
initially result in enhanced sediment and
thus Fe output, given that material in stor-
age is released as the ice margin retreats.
On the other hand, the independently dated
glacier maxima (20) correlate in most
cases to periods of rising SST (Fig. 4)—
particularly the well-dated glacier maxima
between 18.0 to 17.7 kyr B.P. (20, 24 )
that occurred after SSTs had already been
rapidly increasing for 1000 years (Fig. 4).
Additional support for a delayed ice sheet
response comes from our reconstruction of
paleosalinity over Termination 1 (18). The
substantial decrease in salinities from
17.8 to 15.8 kyr B.P. (Fig. 3D) suggests
that the PIS was wasting rapidly after the
last glacier maxima inferred from terrestrial
studies (20). During this period, Fe con-
tents remain high and most likely reflect
strong fluvial erosion of the rapidly expos-
ing glacial deposits and thereafter decrease
toward the Holocene when they become
controlled by rainfall (19). Taken together,
these observations suggest a substantial
time lag between climate forcing and PIS
response, assuming that the atmospheric
system responds roughly synchronously to
changes in SSTs, which is reasonable for
the extremely maritime climate conditions
in southern Chile. The changing time lag
along the record suggests a possible rela-
tionship to ice sheet size. Though not pre-
cisely dated, terrestrial studies show that
the PIS was substantially reduced in size
during early marine isotope stage 3 (20),
consistent with the disappearance of the
delay before 40 kyr B.P. The largest lag is
observed for the decay of ice after its max-
imum extent before the deglaciation.
Our records provide an important advance
toward a better understanding of interhemi-
spheric climate change during the last glacial
period and deglaciation, which has been ham-
pered by the lack of high-resolution pale-
oceanographic records from the South
Pacific region (29). Together with proxy evi-
dence from the southwestern Pacific and
Atlantic, our data suggest a quasi-Southern
Hemisphere–wide millennial-scale pattern of
atmosphere-ocean changes in phase with Ant-
arctic ice core records, providing important
constraints for the optimization of climate
models. The apparent climate inertia in the PIS
and its variable influence on terrestrial sites
whose climate may be strongly influenced by
changes in the size and proximity of the ice
sheet could, on the other hand, explain some of
the current discrepancies among terrestrial
records in southern South America, e.g., during
Termination 1 (13, 14).
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from 8 to 50 kyr B.P. at
Site 1233. Graphical
correlation lines show
lead of SST record (see
also ﬁgs. S2 and S3).
PIS maxima are after
(20, 24). Iron peak at
11 kyr represents an
ash layer (see “age
model” in supporting
online material text).
cps, counts per second.
R E P O R T S
25 JUNE 2004 VOL 304 SCIENCE www.sciencemag.org1962
